It has been proposed that RNA polymerase pausing in the leader region of the tryptophan (tIp) operon of Escherichia coli is responsible for the synchronization of transcription and translation essential to attenuation control.
In this report we use an in vitro coupled transcription/ translation system to study the effect of tip leader peptide synthesis on RNA polymerase pausing in the tip leader region. Wild-type and translation-defective tip leader templates of E. cofi and Sernitia marcescens were employed, and pause RNA synthesis and paused complex release (activation) were quantified relative to synthesis of the terminated leader transcript. It was observed that pausing in the tip leader region was prolonged when translation of the leader transcript was reduced by mutations in the leader region or by addition of the translation inhibitor kasugamycin or chloramphenicol. Experiments with S-30 extracts from a mutant strain that is inefficient in translating the tryptophan codons in the leader transcript indicated that ribosome movement to these codons also releases the paused transcription complex. These findings indicate that the paused tip leader transcription complex resumes transcription when released by ribosome movement over the leader peptide coding region. This release would facilitate the coupling of transcription and translation essential to attenuation control.
Transcription attenuation regulates expression of many amino acid biosynthetic operons of enteric bacteria (for recent reviews, see refs. [1] [2] [3] [4] . According to the current model of attenuation, formation of alternative secondary structures in the transcript of the leader region controls transcription termination at a site immediately preceding the structural genes of the operon. It is believed that translation of a short peptide coding region in the leader transcript governs formation of these alternative transcript secondary structures. In the trp operons of all enteric bacteria examined the leader peptide coding region contains tandem tryptophan codons (5) . Ribosome stalling at either of these tryptophan codons is believed to promote formation of a transcript secondary structure, the antiterminator, that prevents transcription termination in the leader region. However, when a ribosome translates the entire leader peptide coding region without stalling it promotes formation of a different transcript secondary structure, the terminator. This secondary structure causes transcription termination at the attenuator in the leader region. The attenuation model demands that translation of the leader peptide coding region of the transcript be closely coupled to transcription of the leader region. This coupling could be achieved if the polymerase molecule transcribing the leader region paused until it was approached by the ribosome engaged in translating the leader peptide coding region of the transcript. Transcription pause sites have been identified in the trp (6) (7) (8) (9) (10) (11) , ilv (12) , and thr (13) operon leader regions, at the position corresponding to the 3' end of the first RNA hairpin. If the paused RNA polymerase remained at this site until ribosome movement caused resumption of transcription, synchronization of transcription and translation would be accomplished.
Previous studies with the trp operon demonstrated that (l) the predicted stability of the pause RNA hairpin is directly correlated with the strength of the pause signal (10, 11); (it) NusA protein enhances pausing by RNA polymerase (9, 10, 14) ; (iih) low concentrations of GTP but not the other NTPs (guanylic acid is the next nucleotide to be added) also enhance pausing (6, 10, 11) ; (iv) mutant RNA polymerases that increase or decrease transcription termination at the trp attenuator have analogous effects on pausing (4, 8) ; and (v) RNA polymerase pausing at the trp leader pause site can be detected in a coupled transcription/translation system (11) .
In this report we use the coupled system to show that the ribosome engaged in synthesizing the leader peptide releases the paused complex.! (15, 16) . Restriction fragments used for in vitro transcription reactions were prepared by Sau3A (Escherichia coli templates) or Hpa II (Serratia marcescens templates) digestion of appropriate plasmids (17, 18, 19) and isolated from polyacrylamide gels. S-30 cell-free extracts were prepared from RNaseI-strains as described (20, 21, 22) .
MATERIALS AND METHODS
In Vitro Transcription (Noncoupled). Paused complex halflives were determined in synchronized single-round in vitro transcription experiments conducted as described (6, 9, 10 kasugamycin were added to the cell-free extract prior to mixing with the other reaction components. This order of mixing was necessary to achieve even 50%o inhibition of protein synthesis by kasugamycin. Reactions were initiated by adding the cell-free extract (20% of final volume) and shifting the mixture to 370C. After 15 min of incubation to allow transcription and translation to reach steady-state activity, [a-32P]GTP was added. In time course experiments, after a 2-min labeling period rifampicin was added to block further transcription initiation. Samples were removed and added to 0.6 vol of phenol at the times indicated. To measure steady-state pause RNA levels, the reactions were stopped with 0.6 vol of phenol after the 2-min labeling period. After centrifugation, the aqueous layers of samples were added to an equal volume of transcription stop mix (23) and electrophoresed on 10% polyacrylamide gels containing 7 M urea.
The relative pause RNA level was determined by counting the Cerenkov radiation of gel slices and calculating the molar percent of pause RNA in the total of pause plus leader RNAs (relative pause RNA level = molar percent of pause RNA in the total of pause plus leader RNAs). The relative pause RNA level is an arbitrary steady-state measure of the half-life for release of paused transcription complexes and is dependent on the length of the labeling period (2 min for all measurements). Because of the complex kinetics of transcription in the coupled system, we used the relative pause RNA level calculation to simplify analysis of coupled transcription/ translation pausing data. One complication of this measure is that transcription read-through at the attenuator influences the amount of leader RNA. By using a template containing a strong transcription terminator downstream from the trp attenuator to yield a read-through product of defined length, we estimated the level of read-through at the E. coli trp attenuator to be -4% under our assay conditions. Except for certain situations reported below, this level did not vary significantly between wild-type and trpL29 templates or with changes in conditions. In general, lower levels of leader RNA (caused by increased read-through) would be expected under conditions favoring decreased pausing (for example, higher GTP concentrations; ref. 10). A lower leader RNA level associated with a decrease in pausing would elevate the relative level of pause RNA. Therefore, changes in readthrough at the attenuator would minimize rather than exaggerate the effects reported here. In all of our experiments, comparison of pause RNA levels to the level of RNA I ( Fig.  1 ) gave results very similar to the comparisons of pause RNA to leader RNA that we report.
RESULTS
Translation Relieves Pausing During Coupled Transcription/Translation of the tp Leader Region. We wished to examine the effect of translation of the trp leader peptide coding region on the rate of release of the paused transcription complex that forms during transcription of the leader region in a coupled system. To enhance RNA polymerase pausing we did not add carrier GTP to the labeled GTP; thus, most of the GTP present was provided by the cell-free extract. We estimated the concentration of GTP as 10 ,uM by comparing 32p incorporation when [a-32P]UTP of known specific radioactivity, or labeled GTP, was added. At the GTP concentration employed, pausing was readily detected with the E. coli wild-type template (Figs. 1 and 2). At concentrations of GTP as high as 200 ,uM, paused complex formation was still detectable (data not shown); however, transcript elongation and paused complex release were too rapid to permit quantitation of relative pause RNA levels.
To determine if translation of the leader transcript released the paused transcription complex, we compared pausing in the coupled system on wild-type DNA templates and tem- is indicated. Structure 1:2 is thought to be the primary pause signal (10) . The G shown in parentheses is the next nucleotide to be added upon resumption of transcription by the paused transcription complex. The next 48 nucleotides (bases 93-140, not shown) form a termination structure (3:4). An alternative RNA structure (not shown), in which RNA segment 2 is paired with RNA segment 3, is thought to form when a ribosome stalls at the tryptophan codons; this structure, the antiterminator, causes transcription read-through at the attenuator by preventing the formation of structure 3:4, the terminator. (B) RNA secondary structures predicted for the S. marcescens trp leader transcript. RNA structures 1:2, 2:3 (not shown), and 3:4 (not shown) are believed to function as described for A. The boldface arrow marks the 3' end of the pause transcript. As for the wild-type E. coli template, the G (in parentheses) is the next nucleotide added to the 3' end of S. marcescens pause RNA. The RNA segments removed by the various deletions used are indicated. plates containing mutations that should limit leader peptide synthesis. The E. coli mutation trpL29 replaced the leader peptide initiation codon AUG by AUA (Fig. 1A) . In vivo this change is thought to limit or prevent leader peptide synthesis because it lowers trp operon expression and reduces the read-through at the attenuator normally associated with tryptophan starvation (24) . The four S. marcescens trp leader deletions used, AtrpL213, AtrpL221, AtrpL307, and AtrpL310, remove the leader peptide start codon and ribosome binding site; these deletions also reduce trp operon expression in vivo (Fig. 1B) (17, 18) and eliminate the normal tryptophan starvation response.
As shown in Fig. 2A , the pause RNA complex formed on the trpL29 template is longer lived than the paused complex formed on the wild-type E. coli template. Calculations based on these and many similar experiments indicate that the rate of release of the trpL29 paused complex is slower by a factor of 2-2.5 than release of the wild-type complex. Though this difference is small, it is reproducible. In contrast, when the S. marcescens Atrp221 template is used the paused transcripProc. Natl. Acad Sci. USA 82 (1985) A WT trpL29 200 ,ug of kasugamycin per ml; lanes E, chase of lanes D. RNA I, L, and P are defined in the legend tion complex is released more slowly by a factor of almost 10 than the paused complex formed on the corresponding wild-type template (Fig. 2B, Table 1 ). Table 1 summarizes pausing data obtained with these four templates and with templates containing the S. marcescens deletions AtrpL213, AtrpL307, and AtrpL3J0. All of the deletion mutant templates produce very long-lived paused transcription complexes.
To control for differences in pausing not due to translation, we measured paused complex half-lives with the same templates in a purified transcription system (Table 1) . No large differences were observed between the wild-type and mutant templates. To determine whether the trpL29 pause and leader RNAs were as susceptible to degradation as wild-type transcripts in the S-30 system, we measured the degradation of purified, labeled wild-type and trpL29 RNAs added to the S-30 reaction mixture. We found that the half-life for both leader RNAs was about 10 min, whereas both pause RNA species disappeared with a half-life of -20 sec. Degradation therefore cannot account for the observed increase in the relative level of pause RNA caused by the trpL29 mutation. In other experiments we verified that there was sufficient GTP present (>7 uM throughout incubation) for transcription and translation to proceed. (8, 26) . We determined the relative pause RNA level by using the seven templates listed in Table 1 (data not shown). We observed that rpoB7 and rpoB8 increased pausing only on translation-defective templates, whereas rpoB2 decreased pausing on all templates. These results suggest that the translating ribosome can overcome the effect of a mutant polymerase that increases pausing and that ribosome movement is the rate-determining step that normally controls pause complex release.
Ribosomes Stalled at the Tryptophan Codons of the Leader Transcript Release the Paused Transcription Complex. Since the tandem tryptophan codons in the trp leader transcript are located in the 5' strand of the pause RNA hairpin, a translating ribosome stalled at the tryptophan codons should release the paused complex. To test this possibility, we performed transcription pausing assays (Table 2 ) using an S-30 extract prepared from a mutant strain (trpS9969) containing a temperature-sensitive tryptophanyl-tRNA synthetase (20, 27) . This extract gave :50% read-through at the trp attenuator, indicating that an appreciable fraction of ribosomes synthesizing the leader peptide stall at the tryptophan codons (20) . After correction for the different amounts of leader RNA, or in comparison to the level of RNA I, the relative pause RNA level observed in the trpS9969 extract was similar with and without addition of purified wild-type tryptophanyl-tRNA synthetase. This suggests that ribosomes that stall at the tandem tryptophan codons release the paused transcription complex.
DISCUSSION
A key postulate of the transcription attenuation model for amino acid biosynthetic operons is that synthesis of the leader peptide is closely coupled to transcription of the leader region. If the ribosome synthesizing the leader peptide is to determine which alternative transcript secondary structure forms, transcription of the distal portion of the trp leader region must be synchronized with translation of the leader peptide coding region. Although many aspects of the attenuation model have received considerable experimental support (1-14, 17-21, 23, 24, 28, 29) , the required coupling of transcription and translation has not been demonstrated directly. Studies in vivo have shown that transcription termination at the trp attenuator can be relieved completely by tryptophan starvation (17) . According to the attenuation model this observation implies that a ribosome has stalled at the tryptophan codons of the leader peptide coding region of each trp transcript as the trp leader region was being transcribed. The discovery of transcription pausing at position 92 of the trp leader transcript suggested a possible coupling mechanism (6, 11) . If the paused transcription complex forms in vivo during transcription of the trp leader region, and if it is released as the ribosome synthesizes the leader peptide, then transcription and translation would be effectively coupled. If this is the mechanism of coupling, the half-life for pause RNA complex release should increase when translation of the leader peptide coding region is prevented. Fourteen and one-half micrograms of purified wild-type tryptophanyl-tRNA synthetase was added to a 300-l reaction mixture prior to the 15-min preincubation period. After 2 min oflabeling with [a-32P]GTP, the reaction was stopped by addition of phenol. The E. coli wild-type plasmid template used in this experiment did not allow direct measurement of percent read-through. Therefore, percent read-through was determined by comparing the ratio of leader RNA to RNA I (see legend to Fig. 2 ) with this same ratio determined in other experiments in which the levels of pause RNA, RNA I, leader RNA, and read-through RNA all could be measured. The relative pause RNA level without added tRNA synthetase has been corrected for the lower leader RNA level caused by 40%o read-through. Direct comparison of the pause RNA level to the RNA I level gave results similar to those reported here.
In this report we have demonstrated that mutations and inhibitors that prevent synthesis of the leader peptide in a coupled transcription/translation system increase the level of pause RNA. Presumably this increase results from an increase in the half-life for paused complex release. The effect of translation on pausing was most clearly demonstrated by comparing the relative levels of pause RNA produced by the wild-type S. marcescens template with those produced by deletion templates lacking the leader peptide ribosome binding site segment (Table 1 ). A relative pause RNA level that was lower by a factor of 10 was obtained with the wild-type template. We believe that this reduction results from ribosome disruption of RNA secondary structure 1:2 ( Fig. 1 A  and B) , the structure that is thought to serve as the RNA polymerase pause signal (6) (7) (8) (9) (10) (11) . With mutant RNA polymerases that increase pausing in a purified system the effect of translation on pause release is even greater since normal pause RNA levels are observed with translationcompetent templates, whereas pausing is prolonged on translation-defective templates.
Addition of kasugamycin or chloramphenicol to the S-30 system increased the level of pause RNA, as would be expected if these compounds inhibited translation. However, neither had as great an effect as the leader deletions, and kasugamycin was more effective than chloramphenicol. These findings are consistent with the different mechanisms of action of these antibiotics (30) and their behavior in in vitro systems (31) .
One question raised by our results is why the trpL29 mutation has only a 2-fold effect on the relative level of pause RNA. Together with the fact that both chloramphenicol and kasugamycin increase the pause RNA level obtained with the trpL29 template, this observation suggests that there may be some translation initiation at the trpL29 AUA codon in the coupled system. In vivo, in the presence of excess tryptophan, the trpL29 mutation causes a reduction by a factor of 4 in trp operon expression. In tryptophan-starved cultures the trpL29 mutation limits trp operon expression to 10-20% that ofwild type. These findings have been explained by postulating that the trpL29 change significantly reduces leader peptide synthesis. It is evident that the effects we have observed in vitro are not as great as would be expected from the in vivo behavior of strains with the trpL29 mutation. It is conceivable that the trpL29 AUA codon is translated more efficiently in vitro than in vivo or that inefficient translation ofthe leader peptide coding region has a more profound effect in the growing cell. Since the rate of transcription is much slower in the coupled system, it is possible that translation Proc. NatL Acad ScL USA 82 (1985) initiation at the trpL29 AUA codon, although inefficient, occurs rapidly enough in vitro to release most of the paused transcription complexes.
Direct measurement of the half-life of paused trp leader transcription complexes in the S-30 system would have allowed a more direct analysis of the question posed in this paper. Although such measurements have been possible in purified transcription systems by synchronizing initiation (6, 9, 10), we were unable to devise methods to allow synchronous transcription initiation in our coupled cell-free system. Furthermore, by labeling the wild-type E. coli trp leader transcript with short pulses of [a-32P]GTP after addition of rifampicin, we found that active RNA polymerase molecules located at the promoter and at sites upstream ofthe pause site synthesized substantial amounts of pause RNA 2-3 min after addition of rifampicin. Thus, the apparent 30-to 40-sec half-life that can be estimated from our uncorrected data is a gross overestimate of the true half-life for wild-type E. coli paused complex release. From these and other experiments we have calculated that under our conditions polymerase molecules required %0.8 sec to add each guanine residue during elongation and that release ofpaused RNA complexes actually occurred with a half-life close to 5-7 sec. Given the complex kinetics necessary to describe these multiple events, we found that measuring relative pause RNA levels allowed a more convenient comparison ofthe rate ofrelease ofpaused transcription complexes on different templates and under different reaction conditions.
The results reported here strongly support a role for ribosome release of the paused transcription complex in the coupling of transcription and translation (32) in the trp leader region. We recognize that the rates of ribosome and RNA polymerase movement in the cell-free system we have employed are substantially slower than the rates occurring in vivo. Hence, our findings do not constitute proof that ribosome release of the-paused transcription complex does synchronize transcription and translation during attenuation. Clearly, however, translation of the leader peptide coding region can release paused transcription complexes formed in a cell-free system. A definitive demonstration of the physiological role of this model will require demonstration of paused complex release in vivo. In other studies we have shown that the paused transcription complex does form in the trp leader region in vivo (unpublished data). If ribosome release of transcription pause complexes is used generally to facilitate the coupling of transcription and translation, pausing may play a major physiological role by permitting the cell to avoid activation of Rho-mediated transcription termination. Thus, whenever synthesis of a messenger RNA proceeds without concomitant translation, as occurs when translation initiation is inefficient, pausing may delay transcript elongation until the initial translating ribosome releases the paused complex. Pausing thus would prevent the synthesis ofthe long, ribosome-free messenger segment required for Rho entry.
